The effect of high temperature and oxidative stress on the cell viability of the yeast antagonist, Metschnikowia fructicola was determined. A mild heat shock (HS) pretreatment (30 min at 40 1C) improved the tolerance of M. fructicola to subsequent high temperature (45 1C, 20-30 min) and oxidative stress (0.4 mol L
Introduction
In recent years, biological control using microbial agents as antagonists of postharvest fungal pathogens has been reported to be an effective approach to inhibiting decay development on fruits (Spadaro & Gullino, 2004; Droby et al., 2009) . Research on yeasts has been especially emphasized for numerous reasons (Wilson et al., 1993; Wisniewski et al., 2007) . Among yeast antagonists, Metschnikowia fructicola Kurtzman & Droby (NRRL Y-27328) has been demonstrated to be effective against postharvest diseases of several fruits, including grape (Kurtzman & Droby, 2001; Karabulut et al., 2003) , strawberry (Karabulut et al., 2004) , sweet cherry (Karabulut et al., 2005) and carrot (Eshel et al., 2009) .
Biocontrol yeasts used to manage postharvest diseases are applied after harvest, but in some cases, can also be applied before harvest (Ippolito & Nigro, 2000; Janisiewicz & Korsten, 2002) , and therefore face a wide array of environmental conditions that can impact their effectiveness. In this regard, a significant accumulation of reactive oxygen species (ROS) occurs in microbial cells when exposed to abiotic stresses, such as high temperature, oxidative stress and lowpH stress (Branduardi et al., 2007; Kim et al., 2010; Li et al., 2010) . The accumulation of ROS may cause oxidative damage to cell components including proteins, lipids and nucleic acids, resulting in reduced viability (Reverter-Branchat et al., 2004) .
Temperature and oxidative stress play an important role in biocontrol systems (Castoria et al., 2003; Macarisin et al., 2010) . High temperature can significantly lower the viability of some biocontrol yeasts, especially under field conditions when preharvest applications are used (Ippolito & Nigro, 2000) . Regarding oxidative stress, the ability to survive and proliferate in wounded tissues is pivotal for postharvest biocontrol agents (Sharma et al., 2009) , and wounding of fruit tissue is associated with the accumulation of ROS such as hydrogen peroxide (H 2 O 2 ) and superoxide anions that can affect host response, pathogen virulence and yeast wound competency (Castoria et al., 2003; Macarisin et al., 2007 Macarisin et al., , 2010 Tolaini et al., 2010) .
Ecological fitness (i.e. the ability of an organism to survive and replicate) is closely related to the performance of biocontrol agents (Edel-Hermann et al., 2009) ; thus, enhancing stress tolerance may represent a strategy for improving efficacy. Stress tolerance and biocontrol efficacy were enhanced in Cryptococcus laurentii (Kuffer.) Skinner by increasing intracellular trehalose content (Li & Tian, 2006) . Cold acclimation improved the osmotic shock tolerance of the biocontrol yeast Cryptococcus flavescens (Saito) Skinner (OH182.9) (Dunlap et al., 2007) . In addition, Bonaterra et al. (2007) reported that osmoadaptation improved the survival and biocontrol efficacy of Pseudomonas fluorescens Migula (EPS62e) used to control fire blight of rosaceous plants. Palazzini et al. (2009) also found that enhancement of osmotolerance of Bacillus subtilis (Ehrenberg) Cohn (RC 218) and Brevibacillus sp. (RC 263) could improve biocontrol activity under unfavorable environmental conditions.
Heat shock (HS) treatment, characterized by the induction of a trehalose-6-phosphate synthase gene (TPS1) (Pereira et al., 2001 ) and other specific proteins (Guerra et al., 2005) , can enhance the ability of yeasts to withstand unfavorable environmental conditions, such as freeze drying (Diniz-Mendes et al., 1999) , hydrostatic pressure (Iwahashi et al., 1991) , high temperature (Biryukova et al., 2007) and oxidative stress (Deegenaars & Watson, 1997) . While combining biocontrol yeasts with a heat pretreatment of fruits has been shown to enhance biocontrol (Conway et al., 2005; Zhang et al., 2008) , limited information is available on the improvement of biocontrol efficacy by heat treatment of biocontrol agents themselves. Heat treatment of the yeast itself, if beneficial, would be a novel approach to improving the efficacy of biocontrol agents and eliminate the necessity of heating the harvested commodity. The objective of the present study was to determine the effect of a HS treatment on subsequent stress tolerance and biocontrol efficacy of the yeast antagonist, M. fructicola. More specifically, we determined (1) the viability of this yeast after exposure to a range of temperatures in order to determine a temperature-time combination that would represent a nonlethal HS, (2) the viability in response to exposure to a range of oxidative stress conditions stimulated by varying concentrations of H 2 O 2 , (3) the effect of HS on subsequent stress tolerance, (4) the effect of HS on yeast growth in apple wounds and biocontrol efficacy against Penicillium expansum Link and (5) the effect of HS on TPS1 expression and trehalose accumulation.
Materials and methods

Yeast
Metschnikowia fructicola (NRRL Y-27328) was isolated from the surface of table grapes (Kurtzman & Droby, 2001 ) and grown in a yeast peptone dextrose (YPD) broth (10 g of yeast extract, 20 g of peptone and 20 g of dextrose in 1000 mL water). .
Pathogen
Penicillium expansum was isolated from infected apple fruit and maintained on potato dextrose agar (PDA) (Difco, Sparks, MD) at 4 1C. The pathogen was inoculated into apple fruit wounds and reisolated onto PDA before use. Spore suspension was obtained from 2-week-old cultures on PDA at 25 1C. The number of spores was calculated using Cellometer Vision (Nexcelom Bioscience), and the spore concentration was adjusted to 1 Â 10 4 spores mL À1 with sterile-distilled water.
Fruits
'Golden Delicious' apples (Malus Â domestica Borkh.) were harvested at commercial maturity. Fruits without wounds or rot were selected based on uniformity of size, disinfected with 2% v/v sodium hypochlorite for 2 min, rinsed with tap water and dried in air according to the method of Yao et al. (2004) . These fruit were used in a subsequent biocontrol assay.
Evaluation of survival of M. fructicola under stress conditions
Yeast cells were pelleted at 8000 g for 3 min and washed three times with sterile-distilled water in order to remove residual medium. For assay of tolerance to high temperatures, 1 mL cell suspension adjusted to 1 Â 10 8 cells mL À1 using Cell- 
Imaging of intracellular ROS
The oxidant-sensitive probe, 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Invitrogen, Eugene, OR), was used to assess intracellular ROS production in M. fructicola according to Kim et al. (2010) , with a slight modification. Yeast cells (NHS or HS) were collected from samples exposed to 45 1C for 20, 25 and 30 min or 0.4 mol L À1 H 2 O 2 for 20, 40 and 60 min. Cells were washed with phosphatebuffered saline (PBS) buffer (pH 7.0) and resuspended in the same buffer containing 25 mM H 2 DCFDA (dissolved in dimethyl sulfoxide). The suspension was incubated at 30 1C for 1 h. After washing twice with PBS buffer, spores were examined under a Zeiss Axioskop microscope (Carl Zeiss, Oberkochen, Germany) equipped with a UV-light source using a 485-nm excitation and a 530-nm emission filter combination. Five fields of view from each cover slip (at least 200 cells) were randomly chosen; the number of cells producing visible levels of ROS in response to high temperature or oxidative stress was counted for both NHS and HS samples. The ROS level was calculated as a percentage (number of cells fluorescing divided by number of cells present in a bright-field image Â 100). There were three replicates in each treatment, and the experiment was repeated three times.
RNA isolation and semi-quantitative reverse transcription-PCR analysis of trehalose-6-phosphate synthase gene (TPS1) expression
Total RNA from yeast samples (NHS or HS) at each time point (0, 15 and 30 min) was isolated using an RNeasy Mini Kit (Qiagen Science, Germantown, MD) according to the manufacturer's instructions. Extracted RNA was treated with TURBO TM DNase (Ambion, Austin, TX) and purified again with RNeasy. Aliquots of 1 mg total RNA were used for first-strand cDNA synthesis in 20 mL reaction volume with 100 U M-MLV reverse transcriptase (Ambion). The absence of genomic DNA contamination was confirmed by PCR amplification of the housekeeping gene Actin1 . Degenerate primers for trehalose-6-phosphate synthase gene (TPS1), a key enzyme in the synthesis of trehalose (De Silva-Udawatta & Cannon, 2001) , were designed based on the conserved amino acids sequences of Candida albicans (Robin) Berkhout (NCBI accession no. Y07918), Saccharomyces cerevisiae Meyen ex E.C. Hansen (NCBI accession no. EF110520) and Schizosaccharomyces pombe Linder (NCBI accession no. NM_001019628): 5 0 -TTCYTGCACACWCCW TTCCC-3 0 (forward) and 5 0 -ARRTTCATACCATCWCGA GT-3 0 (reverse). Transcript levels of Actin1 served as an internal control in the heat treatment of yeast according to Li et al. (2010) . Primer design for actin in M. fructicola was based on a partial coding sequence of Actin1 of M. fructicola (NCBI accession no. AJ745127). The primer sequences used were 5 0 -CCTGAGGAACACCCAGTCTT-3 0 (forward) and 5 0 -GAGTTGTAAGTGGTTTGGTCG-3 0 (reverse). Cycling parameters were 94 1C for 5 min; 30 cycles of 94 1C for 30 s, 52 1C for 30 s and 72 1C for 30 s; and finally 72 1C for 10 min. PCR products for TPS1 cDNA and Actin1 fragments were cloned and sequenced. Quantification of transcript expression level was based on the band intensity on an ethidium bromide-stained gel using SCION IMAGE software (Scion Corp., Frederick, MD) according to Oliveira et al. (2010) . There were three replicates in each treatment, and the experiment was repeated three times. A representative image is presented in the manuscript (Fig. 4a) .
Determination of trehalose content
Trehalose was extracted from yeast cells with water according to the method of Lee & Goldberg (1998) , with a slight modification. Approximately 10 mg dry weight of yeast samples (NHS or HS) at each time point (0, 15 and 30 min) were centrifuged at 8000 g for 3 min, resuspended in 1 mL HPLC grade water and incubated at 95 1C for 20 min. The samples were then left to cool and centrifuged at 10 000 g for 10 min. The supernatant was filtered through a 0.2-mm filter before determination of trehalose content using HPLC (Agilent Series 1100, Agilent Technologies, Palo Alto, CA). The HPLC was equipped with an NH2 guard column cartridge (Agilent #820950-908), SugarPakI analytical column (Waters #085188) and a refractive index (RI) detector (Agilent Model #G1362A). The column compartment thermostat was set to 80 1C, and the RI detector was set to 55 1C. The mobile phase was water at a flow rate of 0.5 mL min À1 , and the retention time of trehalose was 7.8 min. Peak areas for the trehalose standard and samples were determined from the chromatograms using CHEMSTA-TION software [Hewlett-Packard Rev.A.07.01 (682)]. Trehalose was quantified using standards with a linear response range from 0.025 to 10 mg mL À1 . There were three replicates in each treatment and the experiment was repeated three times.
Biocontrol assay of M. fructicola against P. expansum on apple fruits
Biocontrol activity of M. fructicola was tested according to a previous study (Liu et al., 2009) . Three wounds (4 mm deep Â 3 mm wide) were made on the equator of each fruit with a sterile nail. A 10 mL suspension of NHS or HS (30 min at 40 1C) cells of M. fructicola (5 Â 10 7 cells mL À1 ) was applied to each wound. Sterile-distilled water served as a control. After the fruits were air-dried for 2 h, 10 mL of P. expansum suspension (1 Â 10 4 spores mL À1 ) was inoculated into each wound. Treated fruits were placed in a covered plastic food tray, and each tray was enclosed with a polyethylene bag and stored at 25 1C. Disease incidence and lesion diameter of apple fruits caused by P. expansum were determined after 4 days. Each treatment contained three replicates with 10 fruits per replicate and the experiment was repeated three times. Incidence represented the percentage of fruit displaying rot while lesion diameter was measured only on those wounds that were infected.
Population dynamics of M. fructicola in wounds of apple fruits
Three wounds (4 mm deep Â 3 mm wide) were made on the equator of each apple fruit with a sterile nail. A 10 mL suspension of NHS or HS cells of M. fructicola (5 Â 10 7 cells mL À1 ) was applied to each wound. Fruit samples were collected at different time points after treatment and yeast populations were measured as described by Cao et al. (2010) . Briefly, yeasts were recovered by removing 10 samples of wounded tissues with a cork borer (1 cm diameter Â 1 cm deep). Samples were then ground with a mortar and pestle in 10 mL sterile-distilled water. Then, 50 mL of serial 10-fold dilutions were spread on YPD agar plates. Samples taken at 1 h after treatment served as time 0. Fruits stored at 25 1C were assessed each day for 4 days. Colonies were counted after incubation at 25 1C for 3 days and expressed as the Log 10 CFU per wound. There were three replicates in each treatment, and the experiment was repeated three times.
Data analysis
All statistical analyses were performed using SPSS version 13.0 (SPSS Inc., Chicago, IL). Two-way ANOVA analysis was performed on data, where treatment and time were variables, and mean separation was determined for NHS control and HS at each time point using a Student's t-test. Data with a single variable (treatment) were analyzed using one-way ANOVA, and mean separations were performed using Duncan's multiple range tests. Differences at P o 0.05 were considered significant. Data presented in this paper were pooled across three independent repeated experiments.
Results
Survival of M. fructicola under high temperature and oxidative stress conditions
As expected, the viability of M. fructicola cells decreased with increasing temperature and time within each temperature ( Values are the means of pooled data AE SDs (n = 9). The values followed by different letters at each treatment time point are significantly different according to Duncan's multiple range test (P o 0.05). Values are the means of pooled data AE SDs (n = 9). The values followed by different letters at each treatment time point are significantly different according to Duncan's multiple range test (P o 0.05).
Based on the result of the viability assay, 45 1C and 0.4 mol L
À1
H 2 O 2 were chosen to be appropriate conditions for assessing the ability of an HS treatment to improve tolerance to a subsequent high temperature or oxidative stress.
Effect of HS treatments on thermotolerance of M. fructicola
In order to determine a suitable temperature-time combination to serve as an HS treatment for inducing stress tolerance in M. fructicola, the survival of various HS-treated cells exposed to 45 1C for 20 min was evaluated. As indicated in Fig. 1 
ROS accumulation of M. fructicola under stresses
As illustrated in Transcriptional expression and content of trehalose in M. fructicola
Trehalose-6-phosphate synthase (TPS1) was significantly upregulated in response to the HS treatment (Fig. 4a) .
TPS1 transcript levels increased within 15 min and remained elevated at 30 min, while in NHS cells, the TPS1 transcript levels were low and remained low over the 30 min. The PCR product obtained with TPS1-based primers was cloned and sequenced to verify its identify (Fig. 4b) . Results from a BLASTX and alignment comparison showed that the partial cDNA clone (NCBI accession no. HQ132761) obtained in our study was 74% identical to TPS1 of Clavispora lusitaniae Rodrigues de Miranda ATCC 42720 (NCBI accession no. EF110520), 71% to TPS1 of C. albicans (NCBI accession no. Y07918), 69% to TPS1 of S. cerevisiae (NCBI accession no. EF110520) and 66% to TPS1 of S. pombe (NCBI accession no. NM_001019628). The sequence of Actin1 fragment was 100% identical to Actin1 of M. fructicola (NCBI accession no. AJ745127) (data not shown). HPLC analysis of trehalose in yeast cells (Fig. 4c) Biocontrol efficacy and population dynamics of M. fructicola
Metschnikowia fructicola effectively controlled decay caused by P. expansum on apple fruits stored at 25 1C. However, HStreated cells exhibited a greater level of efficacy than NHStreated yeast (Fig. 5a ). Disease incidence in apple fruits treated with NHS-treated vs. HS-treated cells was 43.3% and 26.7%, respectively, while that of control fruits reached 100% (Fig. 5b) . Additionally, lesion diameters were significantly smaller (P o 0.05) on apples with HS-treated cells (Fig. 5c) . Metschnikowia fructicola multiplied rapidly in apple fruit wounds (Fig. 6) . After 1 day, the number of the yeast increased more than 10-fold. The population of HS-treated cells was significantly (P o 0.05) higher than the population of NHS-treated cells at 1 and 2 days. However, the difference between HS-treated and NHS-treated cells was nonsignificant by 3 days when the cells reached the stationary phase. The effect of HS on yeast growth in apple wounds over all time points was significant (P o 0.0001).
Discussion
Improving the stress tolerance of biocontrol agents could be a useful strategy for maintaining or increasing the performance of postharvest biocontrol agents under practical conditions (Teixidó et al., 2006) . In the present study, an HS treatment (40 1C for 30 min) of M. fructicola cells was shown to be effective in improving yeast cell tolerance to both high temperature and oxidative stress, two important parameters that can influence the survival and efficacy of postharvest biocontrol agents. For example, Cañamás et al. (2008) reported that 45 1C for 60 min was lethal to Candida sake (Saito and Ota) Van Uden and Buckley, and Castoria et al. (2003) found that the viability of Rhodotorula glutinis (Fresen.) Harrison LS-11 decreased significantly with increasing duration of oxidative stress. Both species have been used in postharvest biocontrol studies. In the present study, we also observed that both high temperature and oxidative stress had a significant effect on the viability of M. fructicola. The effect on viability also increased with time at any specific level of oxidative stress or at any specific temperature. Yeast viability was quite low after exposure to 47 1C or 0.6 mol L À1 H 2 O 2 .
Transient exposure to a sublethal stress can induce tolerance to a more extreme stress and induced tolerance to one type of stress may provide cross-protection against other stresses. This phenomenon has been observed in bacteria (Teixidó et al., 2005; Mitchell et al., 2009) , yeast (Mitchell et al., 2009) and filamentous fungi (DelgadoJarana et al., 2006) . The induction of thermotolerance by preheat treatment has been reported for other yeasts, such as S. pombe (Ribeiro et al., 1997) , S. cerevisiae (Tiligada et al., 1999) and C. sake (Cañamás et al., 2008) . However, the temperature-time combination sufficient to induce thermotolerance is subject to empirical study. As illustrated in Fig. 1 , some temperature-time combinations may be insufficient to induce subsequent thermotolerance. In our study, an HS treatment of 40 1C for 30 min to yeast cells of M. fructicola provided the greatest induction of thermotolerance.
In addition to the HS treatment increasing the thermotolerance of M. fructicola, it also provided increased tolerance to oxidative stress (0.4 mol L À1 H 2 O 2 ), suggesting that the HS treatment provided cross-protection in M. fructicola cells. These results are consistent with the results obtained by Deegenaars & Watson (1997) , who found that an HS treatment of 25 1C for 3 h enhanced the tolerance of the psychrophilic yeast Candida psychrophila to both heat (35 1C) and
). In the present study, M. fructicola showed tolerance to higher levels of H 2 O 2 than documented in previous studies with other yeasts such as S. cerevisiae (W303-A) (Magherini et al., 2007) and C. albicans (SC5314) (Nasution et al., 2008) . However, levels of oxidative stress tolerance for species such as C. psychrophila (Deegenaars & Watson, 1997) and Candida guilliermondii (Castellani) Langeron & Guerra (CGMCC 2.63) (unpublished data) were similar. Oxidative stress tolerance may vary considerably in different yeast species, a feature that may become more apparent as additional yeast species are studied.
When yeasts are exposed to severe stresses, intracellular ROS levels correlate well with viability such that high ROS levels usually result in low viability (Branduardi et al., 2007) . Although we did not quantify intracellular ROS levels, we found that the higher viability of HS-treated cells of M. fructicola at 45 1C or 0.4 mol L À1 H 2 O 2 was associated with a lower percentage of cells exhibiting visible levels of ROS compared with NHS cells. Therefore, it appeared that the percentage of fluorescent cells was negatively correlated with cell viability. A similar result was obtained by Li et al. (2010) , who reported that a mild HS treatment to S. cerevisiae could decrease ROS accumulation during subsequent lethal temperature stress. However, the ability of an HS treatment to decrease intracellular ROS accumulation during a subsequent lethal oxidative stress present in the extracellular environment has not been reported previously. . After 2 h, wounds were inoculated with 10 mL of P. expansum at 1 Â 10 4 spores mL
À1
. Disease incidence and lesion diameter were measured 4 days after inoculation with P. expansum (a), disease incidence (b) and lesion diameter (c). Data presented are the means of pooled data. Error bars indicate the SDs of the means (n = 9). Columns with different letters indicate significant differences according to Duncan's multiple range test (P o 0.05).
Trehalose, a nonreducing disaccharide and a major reserve carbohydrate, is generally accepted to function as a protective metabolite against various stresses (Kwon et al., 2003) . It is also a significant protective factor against ROS (Alvarez-Peral et al., 2002) . In yeast, trehalose is synthesized from UDP-glucose and glucose-6-phosphate in a two-step reaction involving trehalose-6-phosphate synthase encoded by TPS1 and a trehalose-6-phosphate phosphatase encoded by TPS2. Trehalose-6-phosphate synthase is the key enzyme catalyzing the rate-limiting step in trehalose synthesis (De Silva-Udawatta & Cannon, 2001 ). Soto et al. (1999) reported that overexpression of TPS1 in S. pombe resulted in increased resistance to multiple stresses, while Ribeiro et al. (1997) found that a TPS1 mutant of S. pombe could not acquire HS-induced thermotolerance. We observed that the activation of TPS1 transcripts during the course of the HS treatment (30 min at 40 1C) was associated with an increase in the cellular concentration of trehalose in M. fructicola. A similar result was also obtained in a recent study of S. cerevisiae (Li et al., 2010) . Argüelles (1997) reported that trehalose accumulation induced by HS played an important role in thermotolerance of C. albicans, and HS-induced trehalose accumulation in S. cerevisiae also reduced cell damage caused by ROS (Benaroudj et al., 2001) . We suggest that the HS-induced accumulation of trehalose in M. fructicola observed in our study may be a key factor in the improvement of stress tolerance and lower ROS accumulation when cells are exposed to high temperatures and/ or oxidative stress. However, other protective substances, such as glycerol and HS proteins, may also be involved and require additional study.
In addition to improved stress tolerance, biocontrol efficacy of M. fructicola was also enhanced by the HS treatment. High population density is an advantage to microbial antagonists in competing for nutrients and space, both of which play a major role in biocontrol efficacy (Droby et al., 1989; Wisniewski et al., 2007) . Our results indicated that HS-treated cells of M. fructicola multiplied more rapidly than NHS-treated cells in wounds of apple fruits during the first 2 days after inoculation. This time period is important for germination and infection of P. expansum (Li et al., 2008) . This may explain why the biocontrol ability of HS-treated cells was significantly greater than NHS-treated cells. Resistance to oxidative stress may also play an important role in the efficacy of postharvest biocontrol yeasts (Castoria et al., 2003; Macarisin et al., 2010) . Castoria et al. (2003) reported that oxidative stress resistance may be necessary for yeast to remain viable in wounded fruit. Macarisin et al. (2010) reported that yeast used as biocontrol agents underwent a significant oxidative burst when applied to fruit, and induced host cells in wounded fruit tissue to produce elevated levels of H 2 O 2 as part of a presumed defense reaction leading to the production of peroxidases, PR proteins and lignifications of tissues. Therefore, the HS-induced oxidative stress tolerance in M. fructicola may partially contribute to the improvement of biocontrol efficacy.
In conclusion, we found that HS treatment could improve the abiotic stress tolerance of M. fructicola and reduce intracellular ROS accumulation when cells were exposed to high temperature and oxidative stress. The overall improvement in stress tolerance was associated with the induction of TPS1 gene expression and trehalose accumulation. Additionally, we report a partial cDNA sequence for the TPS1 of M. fructicola, and the improvement of biocontrol efficacy by HS treatment. These results may have practical implications for improving the efficacy and performance reliability of yeast antagonists used to manage postharvest diseases of fruits under the variable environmental conditions found in orchards, packinghouses and storage facilities. 
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